Spokes, localised ionisation zones, are commonly observed in magnetron sputtering plasmas, appearing either with a triangular shape or with a diffuse shape, exhibiting self-organisation patterns. In this paper, we investigate the spoke properties (shape and emission) in a high power impulse magnetron sputtering (HiPIMS) discharge when reactive gas (N 2 or O 2 ) is added to the Ar gas, for three target materials; Al, Cr, and Ti. Peak discharge current and total pressure were kept constant, and the discharge voltage and mass flow ratios of Ar and the reactive gas were adjusted. The variation of the discharge voltage is used as an indication of a change of the secondary electron yield. The optical emission spectroscopy data demonstrate that by addition of reactive gas, the HiPIMS plasma exhibits a transition from a metal dominated plasma to the plasma dominated by Ar ions and, at high reactive gas partial pressures, to the plasma dominated by reactive gas ions. For all investigated materials, the spoke shape changed to the diffuse spoke shape in the poisoned mode. The change from the metal to the reactive gas dominated plasma and increase in the secondary electron production observed as the decrease of the discharge voltage corroborate our model of the spoke, where the diffuse spoke appears when the plasma is dominated by species capable of generating secondary electrons from the target. Behaviour of the discharge voltage and maximum plasma emission is strongly dependant on the target/reactive gas combination and does not fully match the behaviour observed in DC magnetron sputtering. Published by AIP Publishing.
I. INTRODUCTION
Localised light patterns, also known as spokes or ionisation zones, have been observed in magnetron sputtering discharges. The spokes exhibit self-organisation patterns, and the number of spokes is commonly referred to as the spoke mode number. At low powers, i.e., DCMS discharge, the spoke rotation direction is opposite from the expected E Â B drift direction, 22, 35 and at high power levels, i.e., high power impulse magnetron sputtering (HiPIMS) discharge, the spoke rotation direction is in the E Â B drift direction. In DCMS, the spoke velocity is driven by Ar dynamics, 31 while in HiPIMS, the spoke velocity is strongly influenced by the target material. 22 Additionally, in HiPIMS, an anomalous cross-B field diffusion has been observed, 5, 8 which has been correlated with the spoke dynamics. 20, 27, 30 The shape of the spoke also depends on the target material, exhibiting either triangular or diffuse shape. 21 Earlier, we proposed a model that explains the observed difference in spoke shapes, by assuming Ar gas rarefaction in the spoke and transition to self-sputtering, resulting in a reduced secondary electron (SE) generation. In the case of the triangular spoke, low density of doubly charged ions (M 2þ ) is expected and SE generation in the spoke is fully suppressed. In the case of the diffuse spoke, significant density M 2þ is expected, and the SE generation in the spoke is maintained at lower efficiency by M 2þ ions. 21 Recent results of the modelling efforts in magnetron sputtering suggest that SEs are only in part responsible for sustaining the discharge. 7, 24 The ohmic heating was demonstrated to be the dominant heating mechanism. Anders has also proposed that potential gradients associated with the spoke cause localized heating of electrons. 2 Until now, all reported experiments investigating the spokes have been performed in inert Ar gas. In this contribution, we present images of the spoke in reactive HiPIMS discharge, with N 2 or O 2 added to the Ar gas. The reactive gas added to the process will react with all surfaces in the vacuum chamber, including the target. Chemisorption of the reactive gas on the target leads to the formation of the compound layer, a process commonly referred to as target poisoning. The target poisoning will inherently change the dynamic of the plasma, since both the sputter yield and the secondary electron emission are changing. 18 Typically, the introduction of a reactive gas will result in the reduction of the sputter yield of a metal and an increase of the secondary electron yield. 10 The connection between the spoke shape and SE can also be tested in reactive HiPIMS by the degree of target poisoning.
The literature on ion energy distribution functions in reactive HiPIMS using O 2 to the discharge current due to the Ar gas recycling mechanism at the target.
In this paper, we present the investigation of the influence of the reactive gases, N 2 and O 2 , on the spoke shape and the overall plasma emission during a HiPIMS discharge with Al, Ti, and Cr target and connect these to the different SE yields. The consequences for the performance of HiPIMS discharge are discussed.
II. EXPERIMENTAL SETUP
The experimental setup comprises a 2 in. circular planar magnetron mounted in a cylindrical chamber, 40 cm in diameter and 40 cm in height. The spoke images were recorded using an intensified charged coupled device (ICCD) camera (Princeton Instruments PI-MAX 3), facing the magnetron target, Figure 1 . The acquisition time was 100 ns, and the delay from the pulse start was 190 ls, 10 ls before the end of the pulse. The ICCD camera objective was a 105 mm UV lens and the window was made from quartz.
Optical emission spectroscopy (OES) was performed by a calibrated USB spectrometer (Avantes AvaSpec-ULS2048XL) with two channels covering the wavelength range from 200 to 1100 nm, with a FWHM resolution of 0.75 nm. The acquisition time was 100 ms, with 10 averages yielding a standard deviation of about 3%. A collimator mounted at the end of the single optical fibre was facing the target racetrack through a quartz window. The optical fibre was split into two fibres, using the Y coupler, which were connected to each channel of the spectrometer. Table I contains all observed spectral lines associated with a different plasma species. In the HiPIMS discharge with the Cr target, the Ar II line at 434.81 nm could not be distinguished from the Cr I line at 435.1 nm, so the Ar II emission was represented by the line at 480.6 nm. Emission of the N II line has only been observed for the HiPIMS discharge with a Ti target in Ar/N 2 gas.
Three different target materials, Al, Cr, and Ti, were investigated. The pressure in the chamber was kept constant at 0.4 Pa, measured by a capacitive Oerlikon Leybold Vacuum CTR 101 pressure gauge, and the mass flow controllers were Aera FC-DR980 (100 sccm max.). Each measurement series started in pure Ar, followed by an incremental increase in the reactive gas flow, N 2 or O 2 , respectively. To keep the pressure constant, the Ar gas flow was reduced while the reactive gas flow was increased. The reactive gas partial pressure was increased until the discharge became unstable and started to arc.
The peak discharge current was kept constant by adjusting the discharge voltage. When the discharge stabilised, the measurements were performed. The peak discharge current was 60 A for the Al target, 40 A for the Cr target, and 80 A for the Ti target. The current was chosen so that the spoke mode number is either m ¼ 1 or m ¼ 2, since the spoke mode for different target materials is obtained at different currents. 23 The pulse length was 200 ls, at a repetition frequency of 10 Hz. The emission data were taken at the end of the pulse at 190 ls. Due to oscillations in the recorded absolute of the voltage waveform, the mean value and standard deviation of the voltage were calculated from the measured voltage during the period 188 ls-192 ls. The aim of the paper is to show the effect of the reactive gas on the spoke shape, and hysteresis behaviour of the discharge voltage was not investigated. Figure 2 shows the discharge currents in pure Ar and in the Ar/reactive gas mixture for maximum achieved mass flow ratios of the reactive gases. The shortest current onset delay is observed for the Cr target in pure Ar, which can be explained by highest voltage applied (Al-660 V, Ti-520 V, Cr-750 V) as Yushkov et al. 36 showed that the current onset delay is inversely proportional to the applied voltage. The origin of the longer onset observed in the current rise for compounds is probably due to lower voltages applied and due to the surface charging of the target. 33 
III. RESULTS

A. Al target
The spoke images in a HiPIMS discharge with an Al target for different N 2 /(N 2 þ Ar) mass flow ratios are shown in Figure 3 and for different O 2 /(O 2 þ Ar) mass flow ratios are shown in Figure 4 . The peak discharge current of 60 A with spoke mode number m ¼ 2 was chosen since the discharges at higher peak currents were unstable when operating in the reactive mode. Figure 3 (a) shows the normalised intensity of spectral lines belonging to different plasma species as a function of N 2 /(N 2 þ Ar) mass flow ratio. In pure Argon, the discharge is in the metallic mode, marked M in Figure 3 . By increasing the N 2 /(N 2 þ Ar) mass flow ratio, Al I and Al II lines decrease monotonically. The decrease of the intensity of the metal lines is expected since the sputter yield of metal atoms decreases as the compound is created on the target surface. 19 The rather small decrease of the metal lines in Figure 3 indicates that up to 62% N 2 /(N 2 þ Ar) mass flow ratio, the discharge is in the transition mode, marked T, between metallic and poisoned modes. At an N 2 mass flow ratio of 75%, the intensity of Ar II lines becomes dominant, which indicates the change to the poisoned mode, marked P, where the discharge current is dominated by Ar ions. 19 The N I line linearly increases with increasing N 2 /(N 2 þ Ar) mass flow ratio.
The intensity profile "Total" represents the sum of the plotted line intensities before normalisation. The normalised line allows us to monitor behaviour of the species intensity as a function of the reactive gas:Ar mass flow ratio, but the information about the correlation between the different line intensities is lost. Since the spectrometer is calibrated, the Total intensity profile indicates which species dominate the plasma emission. In Figure 3 (a), the Total intensity profile indicates that metal atom and ion emission is dominating the plasma emission.
The voltage drops linearly with the N 2 /(N 2 þ Ar) mass flow ratio (Figure 3(b) ) from 660 V (pure Ar) to 610 V (N 2 / (N 2 þ Ar) mass flow ratio of 75%).
In pure Ar, Figure 3 (c), the spokes exhibit a triangular shape, metallic mode marked M. By adding nitrogen gas, the spokes become elongated in mode T. At a N 2 /(N 2 þ Ar) mass flow ratio of 75%, the spokes become finally completely diffuse in mode P. Still, the spoke mode number does not change by the addition of nitrogen.
In an Ar/O 2 gas mixture, the OES data in Figure 4 (a) indicate the change to the poisoned mode at an O 2 /(O 2 þ Ar) mass flow ratio of 12.5% and 25% where the Al I and Al II emission is reduced by 95%, and the Ar II emission strongly increases. The further increase of the O 2 /(O 2 þ Ar) mass flow ratio results in a small reduction of Ar II emission and an increase in O I emission, as expected. 4 The Total intensity profile indicates that in the metal and transition mode, the metal atom and ion emission is dominating the plasma emission, but in metallic mode, Ar and O species dominate the plasma emission. The absolute of voltage exhibits a parabolic dependence on the O 2 /(O 2 þ Ar) mass flow ratio, reducing from 660 V at a mass flow ratio of 0% to 375 V at a mass flow ratio of 50%. The substantially larger voltage drop in Ar/O 2 plasmas with respect to Ar/N 2 plasmas can be related to the relatively high reactivity of oxygen on metal surfaces compared to nitrogen. Indeed, not only O atoms but also O 2 molecules participate in Al oxidation due to dissociative chemisorption processes, whereas solely atomic N (not N 2 ) reacts with Al in nitrogen-containing plasmas. 9 Thus, the oxide formation on Al targets is much more efficient than generation of nitride. As a result, Al in Ar/O 2 plasmas shows stronger secondary electron emission, which is reflected in larger voltage drops. The trend for the reduction of the voltage for high oxygen flows is consistent with the behaviour observed in a DCMS discharge with the Al target. 11 Addition of oxygen has the same effect on the spoke shape, changing from the triangular shape in the metallic mode to the diffuse shape in the poisoned mode, Figure 4 (c). The spoke mode number is not affected by the addition of oxygen. The OES data shown in Figure 5 (a) exhibit a strong reduction of Ti I and Ti II lines and an increase in Ar II emission, indicating the change to the poisoned mode, P. A further increase in the N 2 /(N 2 þ Ar) mass flow ratio results in a decrease of the Ar II emission and an increase in the N II emission. The Total intensity profile indicates that metal atom and ion emission is dominating the plasma emission.
The dependence of the emission lines for Ti discharge in Ar/O 2 atmosphere, Figure 6 (a), is similar to the discharge in Ar/N 2 atmosphere, with a more pronounced reduction in Ti I and Ti II intensity with the O 2 admixture. This result is similar to the mass spectrometry measurements by Aiempanakit et al. showing that in the poisoned mode the discharge is dominated by O þ ions. 1 The Total intensity profile indicates that in the metal mode, the metal atom and ion emission is dominating the plasma emission, but in the poisoned mode, Ar and O species dominate the plasma emission.
The discharge voltage behaves similarly for both the Ar/ N 2 and the Ar/O 2 reactive gas variation. At small reactive gas flows, the voltage exhibits a reduction of about 10%. Any further increase in the reactive gas mass flow ratio results in the voltage to reach values obtained in HiPIMS discharge for pure Ar. This trend is opposite from the trends observed in a DCMS discharge with the Ti target, where the discharge voltage increases with the addition of the reactive gas, an effect attributed to secondary electron yield decrease due to the formation of sub-stoichiometric oxide. 11 Magnus et al. 28 have explained the observed differences by arguing that in HiPIMS, the self-sputtering becomes the dominant sputtering process, removing both Ar and reactive species from the target vicinity and partially removing the compound layer from the target surface. In DCMS, the self-sputtering is negligible and the sputtering process is dominated by Ar and reactive species.
In a pure Ar HiPIMS discharge with the Ti target, the spokes exhibit a diffuse shape. The addition of N 2 ( Figure 5 ) or O 2 ( Figure 6 ) effectively reduces the width of the spoke, but it does not result in a change of the spoke shape, being diffuse in Ar, and remaining diffuse in the poisoned mode. Figure 7 shows the spoke images in a HiPIMS discharge with the Cr target for different N 2 /(N 2 þ Ar) mass flow ratios and Figure 8 for different O 2 /(O 2 þ Ar) mass flow ratios. The peak discharge current of 40 A with spoke mode number m ¼ 2 was chosen since at higher peak currents the discharge undergoes a transit to a homogeneous plasma torus. discharge with the Cr target. By increasing the reactive:Ar mass flow ratio, the Cr I and Cr II emission decreases as the N 2 /(N 2 þ Ar) mass flow ratio is increased. The intensity of the Ar II emission below a N 2 /(N 2 þ Ar) mass flow ratio of 60% remains rather constant, indicating the transition mode, and increase of Ar II above N 2 /(N 2 þ Ar) mass flow ratio of 60% indicates the change to the poisoned mode, P. The Total intensity profile indicates that metal atom and ion emission is dominating the plasma emission.
C. Cr target
The absolute of the discharge voltage exhibits a gradual decrease from 750 V (pure Ar) to 660 V (N 2 /(N 2 þ Ar) mass flow ratio of 84%).
By increasing the N 2 /(N 2 þ Ar) mass flow ratio, the spokes gradually become elongated, exhibiting a diffuse shape in the poisoned mode.
In the case of an Ar/O 2 discharge, the transition to the diffuse spoke occurs abruptly already at an O 2 /(O 2 þ Ar) mass flow ratio of 12.5%. The OES data of the Cr discharge in an Ar/O 2 atmosphere, Figure 8 , show a strong reduction in Cr I and Cr II emission, indicating the change to the poisoned mode. Similar to the discharges with Al and Ti target in an Ar/O 2 atmosphere, the Total intensity profile indicates that in the metal mode, the metal atom and ion emission is dominating the plasma emission, but in the poisoned mode, Ar and O species dominate the plasma emission.
The discharge voltage reduces abruptly from 720 V to 370 V at the same time. Any further addition of O 2 does not significantly change the spoke shape nor the discharge voltage. Similar to the case with the Al target, the dissociative chemisorption of adsorbed O 2 enhances target oxidation; a similar process does not happen in N 2 plasmas. The reduction of the discharge voltage in the HiPIMS reactive mode in O 2 is consistent with the measurements of the voltage in the DCMS mode.
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IV. DISCUSSION
The common observation of the dependence of the spoke shape on target material/reactive gas combinations is that in the poisoned mode P the spoke shape becomes elongated, but no changes in the spoke mode number have been observed. The OES data show that the poisoned mode is characterised by a reduction of the metal species emission, and the abundance of reactive gas species emission, and sometimes Ar ion emission. This is consistent with the reactive ionisation region model of Gudmundsson et al. 19 and the experimental observation by Aiempanakit et al.
1 The variation of the discharge voltage indicates that the transition from the metallic mode M to the poisoned mode P strongly depends on the target material/reactive gas combination.
The properties of the compound created on the target surface exhibit different properties compared to a pure metallic target. The sputter yield of the target material, the secondary electron yield, and the resulting plasma composition will change, resulting in a change of the plasma impedance. Depla et al. 13 conducted an experiment in DCMS, where the current was kept constant and the discharge voltage was used as a control parameter. They have used Thornton's equation for the minimum discharge voltage required to sustain the discharge to establish a correlation between the discharge voltage and the secondary electron yield
where W 0 is the effective ionisation energy, E(p) is the effective gas ionisation probability, c ISEE is the ion induced secondary electron emission coefficient, e i is the ion collection efficiency, and e e is the fraction of the maximum number of ions that can be made on average by the primary electron before lost from the system. For magnetron sputtering, e i and e e are close to unity. For a constant W 0 and E(P), one gets an inverse correlation between the discharge voltage and c ISEE .
A. Secondary electron emission and sputter yield
The ion-induced secondary electron emission yields are either from the literature obtained in DC magnetron discharges, 11 values from Ref. 12, or from particle beam experiments, where quantified beams of Ar þ ions and O 2 molecules were sent to metal targets. The details of the experiment can be found elsewhere. 10, 29 We cannot underestimate the role of reactive ions in the SE emission from metal and compound targets. However, the data presented in Table II are from own beam experiment measurements and from the literature, and we have not found any accurate information about SE yield by N þ , N 2þ , O þ , and O 2þ ions to add to this table. Therefore, as the first approach, the discussion in this article is focused to the SE emission induced by Ar þ bombardment, and the extension to the reactive ion species could be addressed in future investigations involving ion beam experiments with quantified fluxes of the reactive species.
The results of the secondary electron yield obtained by ion beam experiment for a compound indicate that the secondary electron yield for TiO 2 , TiN, Cr 2 O 3 , and CrN is at least twice or even higher (Al 2 O 3 , AlN) compared to the metallic target. It is important to mention that the unexpectedly high values for AlN are consistent with the results from Lewis et al. 26 The discrepancy between the values obtained in DCMS discharge and the ion beam experiment can be explained; in the ion beam experiment, stoichiometric oxides are found due to the relatively high influx of oxygen. In the DCMS, the contribution of oxygen can be more marginal since its partial pressure is normally lower than that of Ar. Thus, sub-stoichiometric oxides are normally observed in DCMS conditions. Due to the long off times between the pulses in HiPIMS discharge, it is reasonable to expect that the compound on the target will be stoichiometric and that results of the particle beam experiments are here relevant.
According to Thorton's criterion, any reduction of the discharge voltage for all target/reactive gas combination can be understood by an increase of c ISEE . Even though c ISEE increases twofold or more, the reduction of the voltage is much less pronounced. Recent papers 7, 19, 24 indicate that the secondary electrons are not the main mechanism for power coupling to the plasma but that they only account for up to 30% of the total power. The rest is dissipated by ohmic heating in the presheath. Since the secondary electrons account for only a fraction of the total power, the effect of the discharge voltage reduction is therefore smaller. Another effect of the target poisoning is the change in the sputter yield. Figure 9 shows simulated sputter yields for different reactive gas:Ar mass flow ratios, using the SRIM code. 37 In pure Ar, the sputter yield of the metallic target is simulated, and for other cases, the target surface was considered to be fully oxidised or nitrided. The incident energy was the measured target voltage. The energy of impinging ions was equal to the cathode voltage. As previously reported, 1, 19 the sputter yield of metal species is strongly reduced, in the poisoned mode P while the sputter yield of reactive gas species is at least two times higher than the metal sputter yield.
B. Discharge voltage and spoke shape
The dependence of the discharge voltage on the target material and plasma composition can be categorised into three different cases illustrated in Figure 10 ; (I) for Ti/N and Ti/O, (II) for Al/N and Cr/N, and (III) for Cr/O and Al/O (transition occurring at higher mass flow ratios). In case (I), the voltage goes through a minimum from the M mode to the P mode. The initial decrease can be explained by the transition from the self-sputtering to the Ar dominated sputtering, as shown in Figures 5 and 6 , occurring mainly due to the low sputter yield of Ti, as shown in Figure 9 . The subsequent increase in the discharge voltage can be explained by the reduction of the c ISEE due to change from the stoichiometric oxides to sub-stoichiometric oxides. This change is driven by metal ions back-attracted to the target. The c ISEE of the sub-stoichiometric Ti oxides is lower than the c ISEE of stoichiometric Ti oxides and c ISEE of the metallic target. 11 In case (II), the voltage gradually decreases from M to P. This is observed for all Al/N and Cr/N combinations. The OES data indicate that a high reactive gas:Ar mass flow ratio is needed to reach the poisoned mode P, which is due to the low reaction of CrN x formation on the Cr target in the N 2 atmosphere.
14 Only at very high reactive gas:Ar mass flow ratios, the metal emission becomes small and Ar ion emission increases. In case (III), the voltage abruptly decreases from the M mode to the T/P mode. In the Cr/O case, this change occurs at a lower reactive gas:Ar mass flow ratio and for Al/O at a higher reactive gas:Ar mass flow ratio. The explanation of the strong voltage decrease in the cases of Al and Cr oxides is challenging. The two main factors that determine this behaviour in the discharge voltage are the compound stoichiometry on the target surface and the electron density in the plasma. The former influences the SE yield, whereas the latter contributes to the overall voltage changes in the discharge, i.e., determines the plasma impedance. Further investigations to quantify separately both parameters are required in order to explain the substantial decrease in voltage measured in the case of group (III) (Fig.  10) . These issues are out of the scope of this article. The spoke shape appears only to be diffuse when the discharge enters the poisoned mode P where the reactive gas dominates sputtering. The radial width of the spoke and radial width of the racetrack are smaller for all investigated materials, which has been already reported. 6 A possible explanation is the cooling of electrons by the reactive gas. Molecules, in contrast to atoms, have vibrational and rotational states to dissipate the electron energy without causing ionisation. It explains, for example, the decrease of electron density observed in Ar plasmas when molecular gases (O 2 , N 2 ) are added. 34 In the azimuthal direction, the spokes get elongated when reactive gases are added. In our previous model of the spoke, elongated or diffuse spokes are observed for target materials, which form a large contribution of doubly charged ions, that are able to generate secondary electrons. 21 The OES data shown in Figures 3-8 , and IEDF measurements, 1, 16, 19 indicate that in the poisoned mode P, the highest contribution to the discharge current is mainly from Ar and N/O ions, and rarely from M þ ions, while the contribution of multiply charged ions is negligible. 1 Sputter yields shown in Figure 9 support this observation, as the highest sputter yields for the compounds are for the reactive gas species. The reactive HiPIMS model by Gudmundsson et al. indicates a strong Ar gas recycling. 19 This leads us to the conclusion that in the poisoned mode, the spokes are dominated by background gas species sputtered from the target (Ar, N, and O) that have sufficiently high ionisation energy to produce the secondary electrons. Therefore, we can conclude that in the poisoned mode the diffuse spokes exhibit the same mechanism as the diffuse spokes in pure Ar. The main difference is that instead of the doubly charged metal ion, the required secondary electrons in the poisoned mode P are generated by background gas species sputtered from the compound surface of the target (Ar, N, and O).
V. CONCLUSIONS
The behaviour of the plasma emission, discharge voltage, and the shape of the spokes has been investigated for different target/reactive gas combinations (Al/N 2 , Al/O 2 , Ti/ N 2 , Ti/O 2 , Cr/N 2 , and Cr/O 2 ). The behaviour of the discharge voltage and the maximum plasma emission is strongly dependant on the target/reactive gas combination and does not fully match the behaviour observed in DC magnetron sputtering.
The plasma emission exhibits a common behaviour for all target/reactive gas combinations with the metal species emission dominating the plasma emission in the metallic mode M, shifting to a mixture of metal and Ar emission in the transition mode T. In the poisoned mode P, the plasma emission is dominated by the emission of reactive gas species that are typically sputtered from the target surface. 17, 25 Reduction of the absolute value of the discharge voltage at high reactive gas:Ar mass flow ratios indicates increase in the secondary electron generation. This is consistent with the OES observation as singly charged metal ions dominating the plasma in the metal mode do not generate secondary electrons, in contrast to the Ar ions and the reactive gas ions that do generate secondary electrons.
For all investigated materials, the spoke shape changes to the diffuse spoke shape in the poisoned mode. The change from the metal to the reactive gas dominated plasma and increase in the secondary electron production observed as decrease of the discharge voltage corroborate our model of the spoke, where the diffuse spoke appears when the plasma is dominated by species capable of generating secondary electrons from the target, such as Ar ions and reactive gas ions.
